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ABSTRACT
A magnetic study over a 95 m × 150 m area of the Hickory sandstone aquifer in
central Texas was carried out as part of multitechnique geophysical investigation
that included ground penetrating radar (GPR), electromagnetic (EM), seismic and
seimoelectric. In geophysical exploration, the magnetic method can be utilized as
an alternative to more expensive methods, such as seismic or it can be used to com-
plement other methods. In this thesis, the magnetic method is applied to estimate
the location of a previously mapped fault by Texas A&M geology students, and it
is used to estimate the magnetic susceptibility contrast of the targeted fault. The
main challenge of this study is imaging shallow faults using the geophysical magnetic
method in a fractured aquifer with widely-scattered distribution of iron bearing rocks
as in the case of the Hickory sandstone aquifer.
A Geometric—G858 Cesium vapor magnetometer was used to collect magnetic
data. The data consisted of 19 north-south and 1 east-west lines acquired in Octo-
ber and November of 2012. Elementary data processing such as diurnal correction,
regional correction, reduction to pole (RTP) filter, Euler deconvolution, forward
modeling and inversion were employed to characterize the faulted zone. This faulted
zone separates granite basement rocks from the Hickory sandstone. As a result, this
study emphasizes that Euler deconvolution applied to RTP-filtered data increases
the interpretability of geological and structural contacts. The results of the magnetic
method have been compared to results of GPR, EM and seismoelectric methods. Un-
derstanding the magnetic mineralogy of rocks and their properties can improve the
geological interpretation of magnetic surveys.
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NOMENCLATURE
EM Electromagnetic
GPR Ground Penetrating Radar
IGRF International Geomagnetic Reference Field
RTP Reduction to pole
MMWMA Mason Mountain Wildlife Management Area
WMA Wildlife Management Area
∇· The divergence operator
∇× The curl operator
B Magnetic field or,
Magnetic induction or,
Magnetic field density or,
Magnetic flux density
E Electric field intensity
H Magnetic field intensity
J Magnetizing field,
µ0 Permeability of free space
M Magnetic moment
U Scalar potential
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1. INTRODUCTION
1.1 Introduction
The near—surface structural complexity of the Precambrian Llano Uplift in cen-
tral Texas provides ideal conditions for geologic and geophysical study. Application
of the magnetic method as a geophysical exploration tool has a long history in min-
ing, archeology, and the oil and gas industries [Durrheim and Cooper, 1998]. Rocks
containing iron-bearing minerals exhibit magnetic behavior. This behavior can be
described mathematically, most importantly using concepts such as the magnetic
potential, magnetic field, intensity of magnetization, equivalent dipole moment, and
susceptibility [Sharma, 1997]. The magnetic method has previously been used to
map fault zones [Grauch et al., 2000; Nasuti et al., 2012; Saheel et al., 2011]. An
important objective of a magnetic geophysical investigation is to produce a feasible
subsurface distribution of susceptibility that could have engendered the anomalous
fields observed in the survey data [Lelievre, 2003].
In this thesis, the magnetic method is used to map a faulted area of the Mason
Mountain Wildlife Management Area (MMWMA) in central Texas. The magnetic
signature of the fault is expected to be weak with low signal to noise ratio due to the
wide distribution of iron bearing rocks near the surface; it is challenging to interpret a
magnetic survey under these conditions. Successful imaging of the fault will result in
the recommendation of a high resolution magnetic survey of the study area with the
purpose of better understanding the subsurface structure. Moreover, an important
objective is to map similar faults in similar geological settings elsewhere—not just
Llano. The magnetic method is utilized as an alternative or complementary method
to more expensive methods such as seismic. The depth to a magnetic structure
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is determined by the application of Euler deconvolution to pole-reduced anomalies.
Further processing steps include 2—D modeling and inversion. Finally, a compari-
son is made of the magnetic results to previous results of ground penetrating radar
(GPR), seismoelectric, and electromagnetic surveys carried out at or near the study
area.
The purpose of the present study is to explore whether geophysical methods,
particularly the magnetic technique, can be used to map buried faults in the area.
More generally, we want to map faults in fractured rock aquifers. The magnetic data
analyzed in this study were acquired along E-W line 0 and N-S lines 0 to 19, parallel
to two roads that intersect at the coordinates: latitude +30◦ 50’ 18.60”N, longitude
-99◦ 11’ 38.40”W (as shown in Figure 1.1).
1.2 Research methodology
This research was conducted under the following methodology:
1.2.1 Step one—Planning stage
The author in conjunction with the thesis advisor discussed the problem of imag-
ing shallow faults using the geophysical magnetic method in a fractured aquifer with
widely-scattered distribution of iron bearing rocks. The Hickory sandstone aquifer in
central presents the characteristics above mentioned; therefore, it was chosen as the
study site. The faults at this location have been previously mapped by Texas A&M
geology students and geophysical surveys using EM and GPR have been conducted.
A Literature review was conducted to gain an in-depth understanding of the geologic
history of the area as well as the magnetic method in general.
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1.2.2 Step two—Survey design & data acquisition
The survey layout was designed in a way that the data acquired would be useful to
characterize the subsurface magnetic distribution. Station sampling must be small
enough length to mitigate aliasing (less than 0.5 m). The layout consists of 20
N-S magnetic lines crossing the fault, with line spacing 5 m. Additionally, one E-
W magnetic line was acquired. The data were acquired using a Geometric—G858
Cesium vapor magnetometer. Magnetic data were also acquired along the same
profile as previously-acquired EM and GPR data.
1.2.3 Step three—Data processing & interpretation
A diurnal correction was applied to the data using base station readings, line lev-
eling was accomplished following the steps outlined in the Whitehead [2004] Geosoft
technical note. The remaining data reduction were: (1) regional correction; (2) re-
duction to pole filtering using computer code developed by the thesis advisor based
on the Blakely [1995] approach; (3) Euler deconvolution applied to profile data using
the Euler software developed by Cooper [2004], while Euler deconvolution applied to
gridded data was completed with use of the standard Euler deconvolution from Oasis
montaj [Geosoft, 2012]; (4) inversion and modeling were completed using computer
programs developed by the thesis advisor. Matlab code written by the author was
used to plot the results at each step above mentioned.
1.2.4 Step four—Data analyze
Qualitative interpretation of the magnetic data was made using the results from
the previous steps with the objective of estimating the fault location and its sus-
ceptibility contrast. To compare with the magnetic data results, previously-acquired
GPR, EM and seismoelectric results were also analyzed.
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1.3 Geological setting
The study area is located in the Mason Mountain Wildlife Management Area
(MMWMA), 12 km north of the town of Mason in central Texas. The site is located
on the western margin of the Llano Uplift. The Llano Uplift is characterized by
numerous normal faults associated with the Grenville orogeny [Reese, 2000]. The
Precambrian rocks of the MMWMA are of Grenville age, roughly 1.0-1.2 Ga [Garri-
son, 1983; Nelis, 1989]. The Grenville orogeny occurred during the assembly of the
supercontinent Rodinia by the collision of Laurentia, i.e. present-day North America,
with the African plate [Dalziel and Mosher, 2000]. The region has experienced several
regional metamorphic events, the most significant being the Precambrian Grenvillian
collision that peaked at 1167 ±12 m.y ago [Garrison, 1983]. The associated regional
metamorphism resulted in large scale northwest-southeast folding, followed by gran-
ite pluton intrusion about 1056 ±12 m.y ago. These events resulted in uplift and
consequently the formation of several strike-slip fault sets that trend east-west and
northwest-souteast [Garrison, 1983]. Regional high-angle normal faults with general
trend northeast-southwest are ubiquitous in the Llano Uplift. The uplift is a dome-
like structure is characterized by 1.0-1.2 Ga Precambrian basement rocks such as
gneisses, amphibolites, schists, and granites that subsequently have been exposed by
erosion [Barnes and Bell, 1977; Garrison, 1983]. Uplift occurred in several stages
during the Precambrian to Miocene interval [Harper, 2011]. Rocks exposed in the
study area are predominantly granites, hematitic sandstones, and marbles.
The Middle to Late Cambrian aged Hickory Sandstone is comprised of fluvial,
marine, and shoreline transgressive strata deposited in shallow seas [Teran, 2007].
The Hickory Sandstone lies at the base of the Riley Formation, overlain by the
Cap Mountain Limestone and Lion Mountain Sandstone [Teran, 2007]. A detailed
5
description of the Hickory sandstone and the effects of faults on the hydrological
system of the Hickory sandstone aquifer can be found in Wilson [2001]. The relevant
part of the stratigraphic column of central Texas is shown in Figure 1.2. The target
fault of this project has been mapped previously by Texas A&M geology students.
Figure 1.3 shows the geological map of MMWMA where the study area and the
targeted fault are indicated.
FIG. 1.2. Stratigraphic column of central Texas, USA [Teran, 2007]
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2. BACKGROUND: THE MAGNETIC METHOD
2.1 Governing equations & basic theory
Garland [1971] discusses the fundamental equations underlying the magnetic geo-
physical methods. Various phenomena that require the analysis of magnetic fields
occur in a diversity of geophysical situations such as (1) the field of steady and al-
ternating electric currents, (2) the secondary fields engendered from electromagnetic
induction in a conductor, and (3) the fields of permanently magnetized (i.e. ferro-
magnetic) material. Cases 1 and 2 are due to migration of electronic or ionic charges
transported under the influence of an applied electric field; while in case 3, the mag-
netic field originates from the kinetic energy of electrons (namely spin and orbital
motion). The governing equations are Maxwell’s equations:
∇× E = −B˙ = −∂B
∂t
;
∇×H = 4piC+ D˙ ;
∇ ·B = 0 ;
∇ ·D = 4piρ ;
(2.1)
where E and H are the electric and magnetic field intensities, D and B are the
electric and magnetic flux densities, C is the conduction current density, and ρ is the
volumetric charge density. These vectors are related to each other by constitutive
laws:
D = E, B = µH, C = σE , (2.2)
where , µ, σ are the electric permittivity, magnetic permeability, and electrical
conductivity respectively.
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2.1.1 The main field
The vector magnetic field of the earth is specified by three quantities: (1) mag-
nitude; (2) dip angle above or below a horizontal plane, termed magnetic inclina-
tion; and (3) direction with respect to geographic north, termed magnetic declina-
tion [Sheriff, 1989]. Details of the current generation geomagnetic reference field
(IGRF—11) model can be found in Finlay et al. [2010]. The global scale geomag-
netic field, or main field, was determined by Gauss in 1839 [Garland, 1971, 1979] to
be largely of internal origin. More recent work indicates that the origin of the main
field as well as its secular variation is linked to convective motion of the liquid iron
in the outer core [Dormy, 2006]. Additionally, small external contributions to the
geomagnetic field with relatively faster variations emanate from geomagnetic storms
caused by solar disturbances, and finally; spatial variations of the main field (smaller
in magnitude compared to the main field), that are nearly constant in space and
time, are generated by permanently magnetized bodies in the crust or near-surface
[Telford et al., 1990; Everett, 2013]. The latter are usually the target of geophysical
magnetic investigations, as is the case with the work described in this thesis.
The first data processing step is a regional field correction which consists in
removing the background magnetic field effect from the total field anomaly (see sec-
tion 4). In order to understand the background magnetic field, one must understand
how the IGRF model is derived, Gauss’ original analysis is still used by modern
researchers [Garland, 1979]. In his method, the main field is described in terms of
a spherical harmonic series, where to each harmonic is assigned an internal and/or
external source [Garland, 1971]. At the earth’s surface the field B(r, θ, λ) is de-
scribed by a scalar potential U(r, θ, λ) satisfying Laplace’s equation ∇2U = 0 such
that B = −∇U where r is the radial distance from earth’s center, θ is the polar
9
angle, and λ is the co-latitude [Garland, 1971; Finlay et al., 2010]. Geophysicists
investigate the spatial variations of U over the surface. Laplace’s equation ∇2U = 0
in spherical coordinates is
∂
∂x
(
r2
∂U
∂r
)
+
1
sin2 θ
∂
∂θ
(
sin θ
∂U
∂θ
)
+
1
sin2 θ
∂2U
∂λ2
= 0 . (2.3)
The solution is written as a series of Legendre polynomials with a dependence on
distance r. The form of the seres depends whether the source is internal or external
to the sphere, 
Ue = a
∑∞
l El
(r
a
)l
Pml (cos θ)
Ui = a
∑∞
l Il
(a
r
)l+1
Pml (cos θ)
(2.4)
where a is the Earth’s radius, Ue is the potential inside or on the sphere caused by
an external source, Ui is the potential outside or on the sphere caused by an external
source, and El is an amplitude factor specifying the contribution of the external
source to the lth harmonic, while the term Il is an amplitude factor specifying the
contribution of the internal source to the lth harmonic term. The main field can
be approximated by that of a geocentric dipole, such that m = 0 it becomes axially
symmetric. Hence, for m = 0 case the total potential on the earth’s surface is:
U = a
∑[
Il
(a
r
)l+1
+ El
(a
r
)l]
Pl(cos θ) . (2.5)
The geomagnetic field vector BE is conventionally described in terms of its ele-
ments (X northward; Y eastward; Z downward) and these are obtained by differen-
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tiating equation (2.5), resulting in
X =
1
a
∂U
∂θ
=
∑[
El
(a
r
)l
+ Ii
(a
r
)l+1] ∂Pl(cos θ)
∂θ
;
Y =
1
a sin θ
∂U
∂φ
= 0 ;
Z =
∂U
∂r
=
∑[
IEl
(r
a
)l−1
− (l − 1)Il
(a
r
)l+2]
Pl(cos θ) .
(2.6)
It is sufficient here to consider the behavior of the l = 1 terms involving P1(cos θ) =
cos θ,
X1 = − [E1 + I1] sin θ ;
Z1 = [E1 − 2I1] cos θ .
(2.7)
The bracketed terms in equation (2.7) are estimated by fitting observed values of
X and Z from geomagnetic observatories distributed worldwide at different latitudes
to respectively sine and cosine functions. The unknowns E1 and I1 are determined in
this way. Extending this analysis to higher harmonics reveals the relative importance
of the internal and external sources. Gauss, in his analysis of a limited number of
measurements, applied the above method to only the l = 0 term [Garland, 1971]. He
concluded that almost all of the main field is generated by internal sources [Garland,
1971]. With higher computing power of modern technology and much more extensive
magnetic databases, scientists are now able to analyze the first few harmonics with
great precision; notwithstanding, Gauss’s conclusion remains unchanged, that an
internal dipole described by P 01 is strongly dominant.
The horizontal intensity of the geomagnetic field is given by H = (X2+Y 2)1/2 and
the total intensity is F = (X2+Y 2+Z2)1/2 = |BE|. The geomagnetic dip, also termed
inclination I, is the vertical angle between the geomagnetic field direction and the
horizontal plane, I = tan−1 (Z/H). The declination D of the magnetic meridian, the
11
vertical plane containing the geomagnetic field vector, is given by D = sin−1 (Y/H)
[Blakely, 1995; Kearey, 2002]. The geomagnetic field elements are shown in Figure
2.1 and maps of declination D, inclination I, and total field intensity F from the
current IGRF model are shown in Figure 2.2.
North	  (geographic)	  
Magne1c	  meridian	  
East	  
Downwards	  
D	  
I	  
X	   H	  
F	  
Z	  
FIG. 2.1. Geometry of the total field intensity F , horizontal component H, vertical
component Z, inclination I, and declination D [from Kearey, 2002].
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FIG. 2.2. Maps of the IGRF—11 model. (top) Declination D in degrees; (middle)
inclination I in degrees; and (bottom) total field intensity F in nT [from Finlay et al.,
2010].
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2.1.2 Theory
In this section, basic theory of the magnetic geophysical method is described
summarizing Sharma [1997] derivation. The scalar magnetic potential W at an
observation point P due to a pole of strength p located at some distance r is given
by:
W (P ) =
µo
4pi
(p
r
)
(2.8)
where µo is the magnetic permeability of free space, measured in Henrys per meter
[H/m] in SI units. Its numerical value is 4pi × 10−7 H/m. The negative gradient of
the potential (equation 2.8), yields the magnetic flux density B, which is oriented in
the direction of r at point P and given by
B = −gradW = µo
4pi
( p
r2
)
r1 (2.9)
where r1 is the unit vector oriented from the magnetic pole towards point P . The
sign convention defines the north-seeking pole as positive. The pole strength p is
measured in Ampere-meters (Am), distance r in meters (m), and the flux density B
in Teslas (T). Electric currents also produce a magnetic field, which can be described
in terms of the forces that curl around the electric currents. The field produced by
electric currents is called the magnetizing field H. The SI unit of H is Ampere
per meter (A/m). The magnetizing field strength due to current i at distance r is
H = (i/2r)φˆ where φˆ is the azimutal direction circulationg around the current i. The
relationship between B and H is shown in equation (2.2). A magnetic material may
be considered as a set of infinitesimal current loops (dipoles) whose axes are oriented
in the direction of magnetization J measured in A/m. For instance, a bar magnet
can be considered as an assemblage of many elementary dipoles oriented along its
14
axis (see Figure 2.3).
FIG. 2.3. Illustration of a uniformly magnetized bar as a set of infinitesimal current
loops (dipoles). The intensity or strength of magnetization can be expressed in terms
of pole strength, p, or magnetic moment, M [Sharma, 1997]
.
The magnetic intensities of the elementary dipoles inside the bar volume cancel
out one another with exception of the dipoles located at the end faces. Hence, the
magnetized bar will have positive (N) pole and negative (S) pole of strength +p and
−p at each end, respectively.
J =
( p
A
)
r1 [A/m] (2.10)
where A is the area of the end faces, and r1 is a unit vector that extends from the
negative toward the positive pole. The magnetic moment M can be defined as:
M = (pl) r1 = pr1
(
V
A
)
= JV rˆ [Am2] (2.11)
where V is the volume of the bar magnet. Equation (2.11) is relevant because a
magnetic body of any shape possesses a volume V and magnetization J . A fault or
a lithologic contact can be approximated to a line of point dipoles.
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2.2 Magnetic petrology
The concept of magnetic petrology [Clark, 1997] integrates conventional and rock
magnetism petrology to describe, abundance, composition, processes that create, al-
ter and destroy magnetic minerals in rocks. Understanding the magnetic mineralogy
of rocks and its properties can result in improved geological interpretation of mag-
netic survey. Rocks and or minerals composed of ferrous and ferric iron content
(i.e. magnetite, hematite, amphibolites, granites) exhibit abnormal magnetic signa-
ture than its surround [Clark, 1997]. Geology of the study area discussed in section
1.3 presents an abundance of magnetic minerals that contribute to the anomalous
magnetic readings. Figure 2.4 shows X–ray diffraction performed on a Hematitic
sandstone sample from the study site.
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FIG. 2.4. XRD analyze of a Hematitic sandstone sample collected near 80 m along
line 1. The Quartz (SiO2) and Hematite (Fe
3+
2 O3) picks are indicated on the plot.
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2.3 Field equipment
Magnetic data can be acquired in land, air, sea, or via satellite. Although mag-
netic data for this thesis was acquired using a Cesium vapor magnetometer, the most
common instruments are the fluxgate and proton-procession magnetometers. Many
instruments designed in the early 1900s were capable of measuring the geomagnetic
elements Z, H and the main field B. The precision is normally ±0.1 nT [Kearey,
2002]. The instrument used to acquire the data presented in this thesis is the Ge-
ometric—G858 Cesium Vapor magnetometer which measures intensity of magnetic
field |B| (Figure 2.5 the instrument consists of both the console, at left, and the
sensors, at right). A detailed description of the principle of operation of the Cesium
Vapor magnetometer can be found in Everett [2013].
FIG. 2.5. (left) Geometric—G858 Cesium vapor magnetometer console. (right)
Deployed equipment in the field using two sensors (lower B2 at 0.6 m and upper B1
at 1.6 m above the ground).
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3. DATA ACQUISITION
A Geometric-G858 Cesium vapor magnetometer instrument (Figure 2.5) was used
to acquire the data. The station spacing was set to 0.5 m, base station readings were
made after reading every 20 m, and line spacing set to 5 m, rendering a total of 19
N-S lines of 150 m each covering 95×150 m2 and one E-W line of 200 m length. The
first two lines where acquired on October 6-7, 2012, each with station spacing at 0.1
m, and with a base station reading after every 20 m. The next two were acquired
using 0.4 m station spacing, base station at every 20 m and 150 m profile length.
The remaining lines were acquired on November 2, 2012 with the same parameters
as the previous two except each station readings were made every 0.5 m. Figure 3.1
shows the layout of the survey lines.
200 m 
2
0
0
 m
 
Oct-2012. lines 
Nov-2012. lines 
L1N 
L0W 
L0N L2N L3 L4 L5 L6 L7 L8 L9 L10 
95 m 
L11 L12 L13 L14 L15 L16 L17 L18 L19 
FIG. 3.1. Schematic of the survey. Line 0W was acquired in the E-W direction and
lines 0 to 19 were acquired in the N-S direction.
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Two sensors separated by 1m were used to collect vertical gradiometry data.
Gradiometry measurement is the difference between the magnetic field Bi recorded at
the i-th sensor position and the magnetic field Bj recorded at the j-th sensor position
[Everett, 2013]. In contrast to single magnetometer measurements, gradiometry data
reveals finer details regarding the spatial variation of the subsurface magnetized
bodies [Everett, 2013]. In this work, the lower sensor was positioned at 0.6m and
the upper at 1.6m from the ground.
Daily solar indices can be found at www.swpc.noaa.gov/ftpmenu/indices/old_
indices.html. The data summarizes daily solar indices collected every three hours
beginning at 0030 UTC. These indeces indicate whether a particular day is suitable
for magnetic survey K < 5 or not K ≥ 5. The closest observatory to Mason Texas
is the Fredericksburg’s (see Table 3.1).
Table 3.1. K-indices data from Fredericksburg’s observatory. These indices indi-
cate quiet days suitable for magnetic survey (K < 5) and noise days unsuitable for
magnetic survey (K ≥ 5).
Date K-indices
Oct 06, 2012 2 1 1 2 2 2 1 1
Oct 07, 2012 0 2 1 2 1 1 1 2
Nov 03, 2012 0 0 0 0 2 1 1 0
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4. DATA PROCESSING AND INTERPRETATION
4.1 Diurnal correction & line leveling
Magnetic data processing steps are fairly straightforward. Diurnal correction is
performed to account for temporal variation in the geomagnetic field due to solar ac-
tivities in a period less than a day. The base station readings were used to correct for
temporal variation. After diurnal correction, line leveling was performed to eliminate
non-geological effects caused by long wavelength noise in the survey direction [this
correction followed the steps outlined in the Geosoft technical note by Whitehead,
2004].
4.2 Regional correction
A total field instrument such as the cesium vapor magnetometer, measures the
strength of the magnetic field |BOBS| due to all sources present around the obser-
vation point. Therefore, the observed field intensity is |BOBS| = |BE + BT | where
BE is the ambient geomagnetic field and BT is the target field. To reveal the mag-
netic anomaly BT due to the buried or localized source, it is necessary to remove
the background geomagnetic field intensity BE = F. The total-field anomaly T is
defined as
T = |BOBS| − F (4.1)
Equation (4.1) can be viewed as the combination of the instrument reading |BOBS|
taken in the field and the chart reading F (background anomaly) from the cur-
rent IGRF geomagnetic field model. An online calculator that produces values of
F based on IGRF—11 is available at www.ngdc.noaa.gov/seg/geomag/magfield.
shtml. Using the calculator above mentioned, the ambient geomagnetic field strength
20
at Mason is 48,005 nT, with 59o27′ inclination, and declination 5o11′. On the acqui-
sition date (Nov. 3, 2012), the north and east component of the magnetic field are
24,302 and 2,204.8 nT respectively (see Figure 4.1).
FIG. 4.1. Results from the IGRF—11 calculator. Location Mason TX, date Nov.
3, 2012.
4.3 Reduction to pole filter
A number of processing steps should be performed before interpreting the data. In
conventional practice, magnetic data reduction includes the removal of any regional
field effect by subtracting from each measured value an average of the total magnetic
intensity over the surveyed area. A regional field is one whose characteristic spatial
variations are longer than the characteristic size of the survey area. Reduction to pole
filtering (RTP) is a technique that transforms the data from that actually acquired in
the presence of the inclined ambient geomagnetic to the data that would have been
acquired in the presence of a vertical magnetizing field at inclination 90o [Milligan
and Gunn, 1997], as found at the north geomagnetic pole. The purpose of the RTP
filter is therefore to remove distorting effects due to the inclination of the magnetizing
geomagnetic field. Mathematical derivation of the RTP filter can be found in Everett
[2013]. An illustration of the effect of the RTP filter along one of the survey profiles
is shown in Figure 4.2. Maps of the original and RTP-filtered total field anomaly
data after regional correction, are shown in Figure 4.3 for the top sensor.
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FIG. 4.3. Original (left) and RTP-filtered (right) maps of the study area. The
RTP-filter was applied to the data following a regional field correction. Top (B1)
sensor is being mapped.
4.4 Euler deconvolution
Depths to magnetic sources are estimated using Euler deconvolution. This pro-
cessing step can be applied to either single-profile [Thompson, 1982] or gridded [Reid
et al., 1990] magnetic anomaly data. The technique is based on the Euler homogene-
ity equation [Thompson, 1982]:
x
∂f
∂x
+ y
∂f
∂y
+ z
∂f
∂z
= nf (4.2)
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or in vector notation [Blakely, 1995, p.243]
r · ∇f = −nf (4.3)
where n is the degree of homogeneity
Many magnetic sources at depth generate an anomalous magnetic field of the form:
f(x, y, z) =
G
rN
(4.4)
where r = (x2 + y2 + z2)1/2 , and N = 1, 2, 3, ... The parameter G does not de-
pend on x, y, or z; therefore, equation (4.4) is homogeneous of degree n = −N . In
this work, depth estimation was made using the Euler software written by Cooper
[2004] for the profile data and the standard Euler deconvolution from the Oasis mon-
taj [Geosoft, 2012] package for gridded data. The structural indices N of different
magnetic sources are given in Table 4.1. The application of Euler deconvolution
to RTP-filetered data produces better depth estimation [Reid et al., 1990] than de-
convolution of the corresponding unfiltered data. Examples of Euler deconvolution
are shown in Figures 4.4 and 4.5 for profile data. It is important to note that the
source location Q(x′, y′, z′) is referenced to the observation point P (x, y, z) so that
the Laplace’s equation is rewritten (x − x′)∂U
∂x
+ (y − y′)∂U
∂y
+ (z − z′)∂U
∂z
+ NU = 0
[Everett, 2013].
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Figure 4.6 shows the Euler deconvolution solutions plotted over the RTP map
(left) and the solutions only (right). The structural index N = 1 is mapped. Due
to steeply deeping beds and rocks with high magnetic susceptibility near the surface
within the study area, Euler deconvolution solutions at N = 1 shows the fault contact
starting at y = 100 m. Structural indices between 0 and 1 reveal contacts and faults.
Euler deconvolution solutions from N = 0.7 to 2 are shown in Figure 4.7.
Table 4.1. Structural indices for magnetic data [after Durrheim and Cooper, 1998
and Everett, 2013].
model causative body structural index, N
none fault 1
line of poles semi-infinite sheet 1
poles finite sheet 2
line of dipoles semi-infinite thin dike 2
Point dipole finite thin dike 3
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FIG. 4.6. (left) RTP map overlain by the Euler deconvolution solutions at structural
index N = 1, and computational window size of 15. (right) Euler deconvolution
solutions without the RTP map in the background.
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FIG. 4.7. Euler deconvolution solutions for several structural indices. Top left
N = 0.5, top right N = 1, bottom left N = 1.5, and bottom right N = 2.
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4.5 Inversion & forward modeling
4.5.1 Inversion
Quantitative estimation of the geometric and material parameters of a buried
magnetic source is a geophysical inverse problem [Tontini et al., 2006]. The goal of
inversion is to convert the observed magnetic data into a model of the subsurface
magnetization that reveals the source of the magnetic signal. The acquired profile
data have been used to generate subsurface magnetization models of the study area.
The subsurface models are generated using data from both top (B1) and bottom (B2)
sensor data. Vertical cross-sections for individual lines of magnetization M(x, z) are
produced. An example of inversion cross-section is shown in Figure 4.8. Euler
deconvolution plotted over the inversion result is shown in figure 4.9 in which the
fault seem to be dipping ∼70o NW.
4.5.2 Forward modeling
In order to understand the magnetic signature of different faults, Grauch et al.
[2000] shows the magnetic response of using four simple models, (a) truncated-layer
model, (b) offset-layer model, (c) thin-thick layers model, and (d) disparate layers
models see Figure 4.10. In general, the depth to the source of a magnetic anomaly
can also be obtained using the half-width x1/2 of the anomaly [Sharma, 1997]. Math-
ematical depth (Table 4.2) rules can be derived for different subsurface geometries
which lead to a better interpretation of potential field data.
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FIG. 4.8. Inversion of line 0. (top) 2D inversion of the RTP-filtered data of sen-
sor B1. The input data is shown in black while the model response is shown in
red. (bottom) The inversion was performed using a model discretization of 15 × 80
cells. Magnetic susceptibility κ is being plotted. The red rectangle indicates the
approximate location of the fault.
31
60 70 80 90 100 110 120 130
−170
−168
−166
−164
−162
−160
−158
−156
−154
−152
−150
Ma
gn
eti
c F
iel
d [
 nT
 ]
Line 0
B1
inversion
    A/m
    -66.83
    -53.40
    -39.97
    -26.54
    -13.12
      0.31
     13.74
     27.16
     40.59
     54.02
     67.44
distance along profile [m]
   
 d
ep
th
 [m
]
FIG. 4.9. Inversion of line 0. (top) 2D inversion of the RTP-filtered data of sensor
B1. The input data is shown in black while the model response is shown in red.
(bottom) Inversion image superimposed by Euler deconvolution solutions using SI =
1 and window size 20. Magnetic susceptibility κ is being plotted. The red rectangle
indicates the approximate location of the fault dipping ∼70o NW.
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FIG. 4.10. Forward models showing the aeromagnetic signature of faults typically.
Magnetic anomaly is shown in bold black line, the horizontal-gradient of the RTP
filtered data is show in solid gray line and pseudogravity (synthetic gravity generated
from magnetic data) in dashed gray line. (a) Truncated-layer model is similar to a
fault-contact model. (b) The offset-layer model contains a displaced layer along the
fault. (c) The thin-thick layers model has a downthrown layer that is much thicker
than the upthrown layer, and (d) the disparate-layers model has two offset that have
equal thicknesses but different magnetizations [after Grauch et al., 2000].
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Table 4.2. Magnetic anomaly formulas and depth rules for simplified sources with
vertical magnetization. 4Z is the vertical magnetic component in nT, c = 100, x is
the horizontal distance along the profile, 4Jz is the magnetization contrast in [A/m]
computed from J = κ(F/µ), z is the depth to the center of the magnetic body, z1
and z2 are depths to the top and bottom of the body, respectively, and x1/2 is the
half-width of the magnetic anomaly [modified from Sharma, 1997].
Source(tabular model) Magnetic anomaly (4Z) Depth rule
Vertical fault 4Z = 2c4Jz − tan
∣∣∣pi
2
− tan−1
(x
z
)∣∣∣z2
z1
4Z = 2x1/2
Vertical contact 4Z = 2cpi4Jz
Forward modeling is an excerse of trial and error in which the investigator builds a
subsurface model that fits the observed data. The model needs to be consistent with
what is known about the geology. Upon adjusting all the parameters that account
for subsurface geology, the ideal model will closely match the observed data.
Some vertical faults and contact scenarios were modeled to match the response of
the fault the study area. Sharma [1997] discusses the magnetic signature of a vertical
fault Figure (4.11). Six model scenarios are presented in Figure 4.12. By comparison
with the RTP-filtered data, the most likely scenario is the model (e) because it shows
a slight dip curvature on the magnetic response that can be equated to the one seen
on profile data (see Figure 4.2 at x = 105 m). The model contains a small gap and an
offset, two different susceptibility contrast to resemble the Hickory sandstone (blue)
and the granite (red). This gap may be consistent with either open or fill fractures
within the fault zone, thus, the placement of Euler solutions (Figure 4.4) cluster at
x = 100− 105 m.
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FIG. 4.11. Magnetic signature of a vertical fault 4Z = Bz. The gradient of the
anomaly is highest over the edge of the fault. The half-width x1/2 of the anomaly is
used as an indicator of depth [Sharma, 1997]
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a	   b	  
c	   d	  
e	   f	  
Suscep,bility	  
Red	  =	  	  +2	  
Suscep,bility	  
Red	  =	  	  +2	  
Suscep,bility	  
Red	  =	  	  +2	  
Suscep,bility	  
Red	  =	  	  +2	  
Suscep,bility	  
Red	  =	  	  +2	  
Blue	  =	  +1	  
Suscep,bility	  
Red	  =	  	  +2	  
Blue	  =	  +1	  
FIG. 4.12. Models with their respective magnetic response. The models were con-
structed using 30× 8 cells with the lithogy (red and blue) ocupying 7 cell on either
side of the fault. (a) Geologic model of a vertical fault representing one medium
offset by the fault. The magnetic susceptibility value is 2, the layer closer to the sur-
face has higher magnetic response. (b) Similar scenario as b except a greater throw
has been introduced. (c) and (d) represent the same scenario as the previous two
except the layers have been revrsed. (e) A lower magnectic susceptibility have been
introduced to resemble the WMA scenario. A larger fault separation is introduced
to represent filled or open fractures withing the fault zone. (f) The fault separation
from (e) is removed, showing less magnetic variation.
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5. RESULTS & DISCUSSION
5.1 Magnetic method results compared to GPR
GPR data acquired along the N-S road (equivalent to magnetic line 1) is shown
in Figure 5.1. Readings were recorded at every .1 m along 150 m profile. The red
circle indicates strong reflection associated with the fault at approximately x = 97
m. In the magnetic data, the fault is located at x = 100 m. Both methods are also
in agreement as to the location of the fence at the left end and the granitic basement
rocks at the right end side of the profile.
FIG. 5.1. GPR data acquired on the same profile as magnetic survey line 1. The
total profile length is 150 m. Red circle indicates the fault location.
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5.2 Magnetic method results compared to EM
Murphy [2014] is currently investigating the EM response of the target fault of
this thesis. The instrument in use is the Geonics EM TEM47. EM data was acquire
along N-S road (equivalent to line 1 of the magnetic method), reading were taken
at every 2 m with receiver and transmitter separation of 18 m along 150 m profile.
Preliminary results indicate that anomalous dips at 52 and 100 m separation which
may be associated with the targeted fault (see Figure 5.2). Magnetic data collected
along the same profile as EM shows the fault location at approximately x = 100 m.
FIG. 5.2. EM 0—crossing results along N-S road. [after Murphy, 2014]
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5.3 Magnetic method results compared to seismoelectric
Cohrs [2012] conducted an extensive investigation using both seismic and seismo-
electric geophysical methods. Seismoelectric method calibrated by standard seismic
reflection, was utilized to image a fault zone with fault-trapped P-wave. Both mag-
netic and seismoelectric targeted the same fault but at different locations. The survey
layout for the seismoelectric experiment consisted of three zones based on lithology;
(1) the Pre-Cambrian granite zone, (2) the fault zone, and (3) the Hickory sandstone
zone. Cohrs [2012] observed that only the fault zone presented late wave arrivals
which were consistent with fault-trapped guided waves (see Figure 5.3). Similarly,
the magnetic method presents high magnetic anomaly at the fault location. Figure
5.4 shows the magnetic map of the lower sensor and the profile along line 1. The
fault is located at x = 98 m.
FIG. 5.3. Siemoelectric shot collected in the fault zone. Air wave propagation is
marked by the red line. The target zone of interest is distinguishable by late-arriving
high amplitude signal. [from Cohrs, 2012]
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6. SUMMARY & CONCLUSION
In summary, a magnetic study over a 95×150 area at MMWMA was carried out as
part of multitechnique geophysical investigation that includes GPR, EM, seismic and
seimoelectric surveys. Elementary processing steps were employed to characterize
a faulted zone. This study emphasizes that Euler deconvolution applied to RTP-
filtered data increases the interpretability of geological and structural contacts. The
faulted zone (previously mapped by Texas A&M geology students) separating granite
rocks from the Hickory sandstone has been mapped using the geophysical magnetic
method. Results of the magnetic method have been compared and contrasted to
results of GPR, EM and seismoelectric. The comparison shows that GPR and EM
data acquired along the same profile as magnetic survey line 1 are in concordance
as to fault location. Seismoelectric experiment at same targeted fault but different
location indicates that the fault zone produces late arriving P-waves.
Gradient map (Figure 6.1 left) obtained fromB2−B1 uses data from both sensors.
The upward continuation was applied to remove some of the high frequency noise (see
Figure 6.1 right). (Figure 6.2 left) shows the upward continued map and (Figure 6.2
right) shows the upward continued map with Euler deconvolution solution plotted.
Also, the fault is interpreted based on the Euler deconvolution trend indicated by
depth solutions greater than 3.5 m.
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FIG. 6.1. (left) Gradient map of the study area. (right) Upward continued map at
2 m.
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FIG. 6.2. Gradient map of the studay area. (left) Upward continued map at 2
m. (right) Euler deconvolution solutions overlain the gradient map and the fault
interpreted.
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APPENDIX A
EULER DECONVOLUTION METHOD
A function f is considered homogeneous of degree n if it satisfies the Euler’s
equation [Thompson, 1982]:
(x− x0)∂f
∂x
+ (y − x0)∂f
∂y
+ (z − z0)∂f
∂z
= −N(B − f). (A.1)
For magnetic field applications, the source of anomalous signal is centered at
P (x0, y0, z0) in the form of f(x0, y0, z0) = G/r
n where r = (x2+y2+z2)1/2 and n is the
degree of homogeneity. The structural index n = N measures the rate of change with
distance [Reid et al., 1990]. This parameter gives information about the geometry
of the causative body (see Table 4.1). B is the base level background magnetic
anomaly [Oruc and Selim, 2011]. The total magnetic field measurements T (xi, yi, zi)
made at location Q(xi, yi, zi) with i = 1, 2, 3...to m measurements; therefore, T must
satisfy the Euler’s homogeneity equation of degree n. Taking the nth-order vertical
derivative, according to Hsu [2002] it follows that:
(xi − x0) ∂
∂x
(
∂nT
∂zn
)
+ (yi − y0) ∂
∂y
(
∂nT
∂zn
)
+ (zi − z0) ∂
∂z
(
∂nT
∂zn
)
= −N
(
∂nT
∂zn
)
,
(A.2)
for all i, if B is a constant regional magnetic field, then ∆Ti = T (xi, yi, zi)−B also
satisfies the Euler’s equation of degree n; hence, in the case n = 1 the Euler solutions
are:
(xi − x0)∂
2∆Ti
∂x∂z
+ (yi − y0)∂
2∆Ti
∂y∂z
+ (zi − z0)∂
2∆Ti
∂z2
= −N∆Ti
∂z
. (A.3)
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For all i, the solutions to the equation A.3 are positioned at the calculated boarder
of the susceptibility inhomogeneities [Hsu, 2002].
For all i = 1, 2, 3... to m ∆Ti are measured and their derivatives with respect
to (x, y, and, z) can be computed on the lefthand side of A.3. The location of of
all measurements Q(xi, yi, zi) are known from the acquisition geometry. For any
structural index N , the coordinates of the magnetic source P (x0, y0, z0) can be solved.
The m measurements form the computational window (see Figure A.1).
Window	  size	  m	  
Grid	  limits	  
Window	  shi1s	  one	  grid	  cell	  for	  each	  solu7on	  	  
FIG. A.1. Illustration of the Euler deconvolution window size and movement direc-
tion.
The window size m should be: (a) large enough to include substantial variation
of the field and field gradient, and (b) small enough not to include significant effects
from multiple sources.
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APPENDIX B
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FAULT LOCATION [B1]
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